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Abstract We measured concentration detection functions

for the odor detectability of the homologs: formic, acetic,

butyric, hexanoic, and octanoic acids. Subjects

(14 B n B 18) comprised young (19–37 years), healthy,

nonsmoker, and normosmic participants from both genders.

Vapors were delivered by air dilution olfactometry, using a

three-alternative forced-choice procedure against carbon-

filtered air, and an ascending concentration approach.

Delivered concentrations were established by gas chro-

matography (flame ionization detector) in parallel with

testing. Group and individual olfactory functions were

modeled by a sigmoid (logistic) equation from which two

parameters are calculated: C, the odor detection threshold

(ODT) and D, the steepness of the function. Thresholds

declined with carbon chain length along formic, acetic, and

butyric acid where they reached a minimum (ODTs = 514,

5.2, and 0.26 ppb by volume, respectively). Then, they

increased for hexanoic (1.0 ppb) and octanoic (0.86 ppb)

acid. Odor thresholds and interindividual differences in

olfactory acuity among these young, normosmic partici-

pants were lower than traditionally thought and reported.

No significant effects of gender on odor detectability were

observed. The finding of an optimum molecular size for

odor potency along homologs confirms a prediction made

by a model of ODTs based on a solvation equation. We

discuss the mechanistic implications of this model for the

process of olfactory detection.

Keywords Olfactory detectability � Homologous

carboxylic acids � Concentration detection odor functions �
Olfactory potency � Odor thresholds �
Olfactory structure–activity relationships

Introduction

Olfactory studies indicate that the detection of odorants by

olfactory receptors (ORs) is performed in a combinatorial

fashion, such that each receptor can bind different odorants

and, conversely, each odorant is capable of binding to

various receptors (Malnic et al. 1999). Under such an

arrangement, knowledge of how an odorant interacts with

one or a few ORs, e.g., Abaffy et al. (2006), Repicky and

Luetje (2009), may not predict the olfactory sensitivity of

the whole organism to those odorants. Also, structure–

activity relationships established at the receptor level via

odorant-binding affinity and efficacy to an OR, e.g., Abaffy

et al. (2007), might not reflect those seen for olfactory

potency at the behavioral level. Comparative data from

these two stages of the olfactory system: peripheral

receptors and behavior, added to an understanding of pro-

cessing effects at intermediate stages, e.g., olfactory bulb

(Mori et al. 1992; Koulakov et al. 2007; Chen et al. 2009)

and cortex (Lei et al. 2006; Rennaker et al. 2007; Stettler

and Axel 2009), are necessary to achieve a comprehensive

picture of the functional aspects of the sense of smell,

among them, odorant sensitivity.
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In the present investigation, we quantified, by measuring

concentration detection functions, odor sensitivity in

humans to a series of homologous carboxylic acids. These

compounds have been the focus of a number of olfactory

studies at the behavioral and at the cell/receptor levels. At

the behavioral level, this chemical family is an important

component in the determination of human body odor

(Akutsu et al. 2006; Natsch et al. 2006; Kuhn and Natsch

2009). In fact, malaria vector mosquitoes are attracted and

show selective sensitivity with low thresholds, to carbox-

ylic acids present in human sweat (Costantini et al. 2001;

Smallegange et al. 2009). In mice, the urinary odor deter-

mined by the major histocompatibility complex comprises

a mixture of volatile carboxylic acids occurring in relative

concentrations that are characteristic of the odor type

(unique individual odor) of each animal (Singer et al.

1997). From an environmental perspective, carboxylic

acids play an important role in the generation of odor

pollution in a variety of environments (Ranau and Steinhart

2005; Wisthaler et al. 2005; van Thriel et al. 2006). From a

food-related perspective, some members of the acid series

are key aroma compounds in various types of vinegars

(Charles et al. 2000; Akakabe et al. 2006; Callejón et al.

2008). From a structure–activity perspective, recent human

studies on the odor detection of binary and ternary mixtures

of homologous acids often revealed various degrees of

additivity among the single components to elicit the

detection of the mixture, an effect that was carbon chain

length dependent and, in some cases, concentration

dependent (Wise et al. 2007; Miyazawa et al. 2008a,

2009b, c). There are indications that even subthreshold

concentrations of carboxylic acids can enhance the inten-

sity of other odors and flavors (Miyazawa et al. 2008b). At

the cell/receptor level, a number of studies have shown that

carboxylic acids are strong ligands for a variety of olfac-

tory receptors (Malnic et al. 1999; Saito et al. 2004; Abaffy

et al. 2006, 2007; Fujita et al. 2007; Grosmaitre et al. 2009;

Repicky and Luetje 2009).

The present study is part of a project that aims to

establish structure–activity relationships for human olfac-

tory potency along and across a variety of homologous

chemical series and other volatile compounds. Employing a

uniform psychophysical and chemico-analytical method-

ology, the odor potency of each vapor is quantified

behaviorally as a complete detectability function, not just

as an odor threshold.

Materials and methods

An institutional review board at the University of Cali-

fornia, San Diego, approved the protocol for all experi-

ments described here. All participants provided written

informed consent.

Odorants

The following carboxylic acid homologs were tested

(purity and quality within brackets): Formic (95%, Food

Chemical Codex, FCC), acetic (C99.5%, FCC), butyric

(C99%, FCC), hexanoic (98?%, FCC), and octanoic

(98?%, FCC) acids. All stimuli were presented in vapor

phase and diluted in carbon-filtered air, which also served

as blanks.

Subjects

We recruited a group of 33 subjects (13 males) with an

average age (±SD) of 23 (±4.6) years, and ranging from

19 to 37 years old. All participants were nonsmokers and

were screened with a clinical olfactory test (Cain 1989) to

show normosmia (i.e., a normal sense of smell). Not all

subjects were available to be tested with all odorants.

Table 1 presents the characteristics of the subgroup tested

with each acid.

Apparatus

The odorant vapors were delivered by an air dilution

olfactometer that we have labeled 8-station vapor delivery

device (VDD8). A detailed description of the instrument

has been recently published (Schmidt and Cain 2010) and

Table 1 Number and

characteristics of the subgroups

of subjects tested for odor

detection of each carboxylic

acid and of the common

subjects tested with all five

acids

Subject

subgroups

Number of

subjects

Average age

(years ± SD)

Age

range

Number of

females

Number of

males

Formic acid 18 24 ± 5 19–37 12 6

Acetic acid 16 22 ± 3 19–29 10 6

Butyric acid 14 24 ± 5 19–37 9 5

Hexanoic acid 18 24 ± 5 19–37 9 9

Octanoic acid 14 23 ± 3 20–30 8 6

Common subjects 3 25 ± 3 22–27 2 1
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can also be found in our recent studies of odor detection

within other homologous series (Cometto-Muñiz and

Abraham 2008, 2009a, b, 2010; Cometto-Muñiz et al.

2008). Key features of the olfactometer include flexibility

in the range of delivered concentrations, definable stability

of delivery, solvent-free odorant delivery, and a realistic

interface with subjects that includes a sufficient supply of

odorant stimulus (Schmidt and Cain 2010).

Procedure

As described in the references just cited, each of the 8

stations of the VDD8 delivers a fixed odorant concentration

and comprises three sniffing glass cones. Only one cone

presents the odorant (active cone), the other two present

carbon-filtered air (blank cones). Delivered concentrations

increased by a factor of two from the lowest (in station 8)

to the highest (in station 1). Thus, we employed an

ascending concentration approach, with a three-alternative

forced-choice procedure. At each station, participants

decided which cone smelled different and rated their con-

fidence in the decision on a scale ranging from ‘‘1’’ (not

confident at all, just guessing) to ‘‘5’’ (extremely confi-

dent). Up to eight subjects can be tested at a time in suc-

cession (when the first subject finishes with station 1, he/

she moves to station 2, and the second subject begins with

station 1, and so on). At least one experimenter, and often

two, supervised participants throughout testing. A speaker

system instructed subjects to sniff from each cone in a 5-s

window and to wait 15 s before continuing to the next

station. After all subjects passed through the 8 stations (in

what we call a ‘‘round’’), they leave the room. The

experimenter sets a new random order of active cones,

waits 5 min (to secure a new steady-state in the VDD8) and

calls the subjects again for a new round. All participants

completed 35 rounds with the same acid, typically during

the course of a day (session). Sessions with a particular

acid continued until at least 14 subjects have completed

testing. Acids were tested in irregular order.

Analytical chemistry

During each testing session (day) the concentration of acid

in the odor line of the VDD8 (just before achieving the

final dilution in the cone) was repeatedly measured via gas

chromatography (flame ionization detection, FID). Mea-

surements were taken before the subjects arrived at the

laboratory and during the whole testing day (9:30 am–

4:30 pm) at the rate of 2–4 samples per hour. Readings

from the chromatograph were converted into vapor con-

centrations (parts per billion by volume, ppb) via a cali-

bration curve for mass, specific for each carboxylic acid, as

previously described (Cometto-Muniz et al. 2003). The

average coefficient of variation of these concentrations

across testing sessions (days) equaled: 38% for formic,

60% for acetic, 28% for butyric, 24% for hexanoic, and

29% for octanoic acid. The concentration range tested, in

seven binary steps, was 37–4,754 ppb for formic, 0.72–92

ppb for acetic, 0.037–4.7 ppb for butyric, 0.13–16 ppb for

hexanoic, and 0.049–6.3 ppb for octanoic acid.

Data analysis and modeling

Results are presented as plots of detection probability

corrected for chance (P) as a function of vapor concen-

tration (log ppb) (called psychometric or detectability

functions), and as confidence rating as a function of vapor

concentration (log ppb). Correction for chance produced a

value between P = 0.0 (chance detection) and P = 1.0

(perfect detection) according to (Macmillan and Creelman

1991):

P ¼ ðm :p cð Þ � 1Þ= m� 1ð Þ ð1Þ

where P = detection probability corrected for chance (i.e.,

detectability), m = number of choices per trial (here,

three), and p(c) = proportion correct (i.e., number of cor-

rect trials/total number of trials).

Psychometric functions for the group and for individual

subjects were modeled using the following sigmoid

(logistic) equation:

P ¼ Pmax= 1þ e � x�Cð Þ=Dð Þ
� �

ð2Þ

where P = detection probability (0 B P B 1), Pmax = 1.0,

x = vapor concentration (log ppb by volume), and C and D

are fitted parameters. C is the value of x when P = 0.5, that

is, when detection probability is half-way (P = 0.5)

between chance (P = 0.0) and perfect (P = 1.0) detection.

C was taken as the odor detection threshold (ODT)

expressed in log ppb. In turn, the parameter D defines the

steepness of the function such that the smaller the value of

D, the steeper the function. Statistical significance of

results was established by multivariate analysis of variance

(MANOVA) (SuperANOVA v.1.11, Abacus Concepts,

Inc., Berkeley, CA).

Results

Figure 1 (left) shows the group psychometric functions for

the five carboxylic acids. From formic to butyric acid,

functions increasingly shifted toward lower concentrations

with increasing carbon chain length, reflecting increasing

odor potency and lower ODTs. The trend was reversed for

hexanoic and octanoic acid, whose functions, close to one

another, shifted toward higher concentrations and higher

Exp Brain Res (2010) 207:75–84 77
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ODTs. The sigmoid Eq. 2 provided a very adequate fit to

the group concentration detection data. Table 2 (upper

part) quantifies the outcome in terms of ODT (ppb),

parameters C (log ODT) and D (steepness of the curve)

with their respective standard errors (SE), and the coeffi-

cient of determination (R2). In turn, Fig. 1 (right) illustrates

how, as expected, confidence ratings closely followed the

trend of the respective detectability data for each acid.

As mentioned, three participants remained available to

be tested in common with all five odorants. Figure 2

compares, for each acid, the data from the whole group

with that from the common subjects, and Table 2 (lower

part) quantifies the results for common subjects. The out-

come clearly shows the tight similarity between the two

groups in both absolute values and relative trends, lending

support to the validity of the comparison across odorants

within the study.

We performed a multivariate analysis of variance

(MANOVA) to assess the possible role of the factors

gender and carboxylic acid (independent variables) on the

dependent variables C (the ODT in log ppb) and D (the

odor function steepness). The overall MANOVA showed

that only the factor acid was significant (P = 0.0001).

Post-hoc tests further revealed that only the variable C was

significantly different at the 0.05 level between all pairs of

acids except two pairs: hexanoic–octanoic and butyric–

octanoic (this pair came very close to significance).

Our strategy included an intensive testing of individual

subjects with the aim to make inferences about individual

similarities and differences in olfactory detection perfor-

mance across a group of young and healthy participants

from both genders, all nonsmokers, and normosmics. The

sigmoid Eq. 2 was then applied to individual psychometric

functions for each subject. Supplementary Figures S1 to S5

present these individual concentration detection functions.

Each subject was given a univocal number, so subjects

tested on more than one odorant can be followed. Table 3

quantifies each individual function in terms of C (i.e., the

individual ODT in log ppb), D, and R2. Seventy-one of the

80 individual functions have an R2 of 0.9 or higher, illus-

trating the strong and consistent goodness of fit shown at

the single subject level.

Discussion

Olfactory sensitivity along and across homologous

series

The present outcome shows increasing olfactory sensitivity

(i.e., decreasing thresholds) with carbon chain length of

carboxylic acids up to butyric acid, followed by a decrease

in sensitivity (i.e., higher thresholds) for hexanoic

and octanoic acids. In a previous study using a less

sophisticated delivery system (‘‘squeeze bottles’’), we had
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Fig. 1 Left Group detectability

functions for the odor of the five

carboxylic acids. Each symbol

represents the outcome of 630

judgments in the cases of formic

and hexanoic acids, 560

judgments in the case of acetic

acid, and 490 judgments in the

cases of butyric and octanoic

acids. Right Plots of group

average confidence rating as a

function of concentration for

each acid. In all cases, bars

indicate standard error (SE) of

the mean

Table 2 Quantification of the parameters from the group psycho-

metric function for each acid, considering all subjects (upper part) and

only the common subjects tested with all five odorants (lower part)

n ODT

(ppb)

C (log

ppb)

SE

(C)

D SE

(D)

R2

All subjects

Formic acid 18 514 2.711 0.062 0.30 0.06 0.954

Acetic acid 16 5.2 0.716 0.021 0.25 0.02 0.994

Butyric acid 14 0.26 -0.584 0.019 0.16 0.02 0.994

Hexanoic acid 18 1.0 0.008 0.023 0.22 0.02 0.993

Octanoic acid 14 0.86 -0.066 0.026 0.20 0.02 0.990

Common subjects

Formic acid 3 485 2.686 0.072 0.16 0.06 0.909

Acetic acid 3 5.7 0.759 0.045 0.18 0.04 0.970

Butyric acid 3 0.23 -0.630 0.035 0.09 0.02 0.976

Hexanoic acid 3 1.1 0.024 0.036 0.17 0.03 0.979

Octanoic acid 3 1.1 0.042 0.038 0.20 0.03 0.981

Columns show number of subjects (n), ODT (in ppb), parameters C

(log of ODT) and D (function steepness) with their respective stan-

dard error (SE), and goodness of fit (R2)
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observed the initial trend but failed to capture the final

upward threshold rebound seen with the last two homologs,

particularly octanoic acid (Cometto-Muniz et al. 1998). In

addition, our previous study relied on reported values of

vapor pressure to quantify vapors rather than measuring a

full calibration curve for mass (Cometto-Muniz et al. 2003)

as done here. This difference, added to that on stimulus

delivery, likely contributed to the noted discrepancy. The

maximum olfactory sensitivity (i.e., lowest threshold)

toward the 4-carbon homolog, butyric acid, is not the result

of averaging across subjects, since all 14 participants tested

with butyric acid were also tested with one or more addi-

tional acids, and all showed this outcome (Fig. 3 and

Table 3). The ODT pattern across acids found here for

humans has similarities with that found for pigtail maca-

ques and, to certain extent, spider monkeys (Laska et al.

2004).

Previous work on odor sensitivity has indicated that the

maximum molecular length of an odorant in a homologous

series is very important, and it appears that there is an

optimum value where odor potency is highest and, thus,

ODT is lowest (Abraham et al. 2002). A plot of C (i.e., log

ODT) against the maximum length of the carboxylic acid,

in Angstroms, clearly shows a minimum around 9 Å

(Fig. 4). In addition to molecular length, other factors that

could determine high olfactory sensitivity for certain

odorants include behavioral relevance and/or frequency of

occurrence of the odorant in the chemical environment

(Laska et al. 2005). Aside from the acids, human odor

studies with homologous acetates (Cometto-Muñiz et al.

2008), alkylbenzenes (Cometto-Muñiz and Abraham

2009a), and aldehydes (Cometto-Muñiz and Abraham

2010) have revealed a minimum in ODT for hexyl acetate,

butyl benzene, and octanal, respectively. For n-alcohols

(Cometto-Muñiz and Abraham 2008) and 2-ketones

(Cometto-Muñiz and Abraham 2009b), the decrease in

ODTs with chain length reached a plateau with 1-butanol

(continuing to 1-octanol) and 2-heptanone (continuing to

2-nonanone), respectively, and did not significantly rebound.

Additional testing with larger homologs (e.g., 1-decanol

and 2-undecanone) is needed to confirm or discard the

possibility that thresholds might also rebound within

alcohols and ketones, as seen for the other three series.

Figure 5 illustrates the data discussed above and reveals

that the human sense of smell is particularly sensitive to

aldehydes and to medium and long chain acids, compared

to the other four series.

The olfactory potency of carboxylic acids as ligands for

a variety of OR types from human and mouse origin has

also been probed via dose–response functions (Grosmaitre

et al. 2009; Repicky and Luetje 2009; Saito et al. 2009). In

this case, the outcome is measured as ‘‘effective concen-

tration 50’’ (EC50), i.e., the concentration producing half

(50%) the maximum (or reference) response of the par-

ticular preparation used (ideally, after all unspecific

responses have been discounted). One of these studies

probed, under a uniform methodology, an extensive array

of 219 mouse and 245 human ORs against 93 odorants

including propionic acid and pentanoic to decanoic acids

(Saito et al. 2009). Considering the most sensitive ORs

tested for each acid, the lowest values of EC50 corre-

sponded to heptanoic acid on mOR31-1, with EC50 = 6.3

lM, and octanoic acid on mOR23-1, with EC50 = 8.3 lM.

Interestingly, another study using a different preparation

found that octanoic acid tested also on mOR23-1 produced

an EC50 = 10 ± 6 lM, very close to the previous value
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Fig. 2 Showing the close

similarity between odor
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tested with all five acids. Bars
represent SE
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(Repicky and Luetje 2009). A different study on the mouse

OR SR1 (also known as mOR256-3), expressed in septal

organ olfactory sensory neurons (OSNs) and characterized

by a broad response profile, reported for octanoic acid an

EC50 = 3.2 lM (Grosmaitre et al. 2009). These EC50

values represent liquid-phase odorant concentrations, as

Table 3 Quantification of parameters (C, D) and R2 for individual psychometric functions

Formic acid (n = 18) Acetic acid (n = 16) Butyric acid (n = 14)

Subject C (log ppb) D R2 Subject C (log ppb) D R2 Subject C (log ppb) D R2

1 2.63 0.43 0.72 4 1.15 0.23 0.95 3 -0.62 0.12 0.97

2 1.65 0.44 0.92 6 0.74 0.02 0.97 4 -0.54 0.05 0.98

5 3.03 0.13 0.96 8 0.84 0.31 0.99 6 -0.95 0.11 0.98

7 2.54 0.10 0.97 9 0.18 0.29 0.97 8 -0.52 0.19 0.97

10 2.62 0.33 0.93 11 0.26 0.17 0.98 9 -0.64 0.08 0.83

12 2.21 0.51 0.56 12 0.56 0.21 0.91 11 -0.54 0.25 0.96

14 2.85 0.11 0.99 13 0.43 0.15 0.92 12 -0.69 0.07 0.89

15 2.79 0.15 0.98 15 0.97 0.19 0.95 14 -0.24 0.23 0.94

16 2.71 0.10 0.92 16 0.76 0.10 0.98 15 -0.54 0.01 0.95

19 2.43 0.07 0.99 18 0.76 0.09 0.97 16 -0.59 0.13 0.98

20 2.95 0.13 0.93 19 0.32 0.12 1.00 17 -0.78 0.13 1.00

22 2.86 0.17 0.94 20 1.58 0.32 0.80 25 -0.69 0.13 0.98

23 2.85 0.19 0.84 22 0.72 0.21 0.95 28 -0.33 0.09 0.96

25 2.78 0.15 0.93 25 0.76 0.17 0.99 30 -0.46 0.15 0.98

28 2.88 0.15 0.94 27 0.90 0.21 0.97

29 0.53 0.85 0.79 28 0.70 0.09 0.98

31 3.08 0.21 0.96

32 3.33 0.39 0.57

Average 2.60 0.26 0.73 0.18 -0.58 0.12

SE 0.15 0.05 0.09 0.02 0.05 0.02

Hexanoic acid (n = 18) Octanoic acid (n = 14)

Subject C (log ppb) D R2 Subject C (log ppb) D R2

4 0.30 0.01 0.99 3 -0.22 0.13 0.98

6 -0.53 0.25 0.97 4 0.41 0.10 0.97

8 0.23 0.12 0.97 6 -0.18 0.05 0.93

12 -0.28 0.35 0.82 7 0.01 0.08 0.97

14 -0.16 0.15 1.00 8 -0.20 0.21 0.98

15 0.18 0.14 0.94 12 0.03 0.18 0.94

16 0.21 0.05 0.91 15 0.25 0.30 0.90

17 0.09 0.08 0.89 18 -0.08 0.10 0.97

18 -0.02 0.10 1.00 19 -0.10 0.02 0.93

19 -0.27 0.02 0.89 24 -0.16 0.16 0.92

21 -0.40 0.19 1.00 25 -0.09 0.05 0.97

22 -0.18 0.08 0.99 27 -0.12 0.01 0.99

23 0.01 0.11 0.93 29 -2.41 1.24 0.24

25 0.04 0.09 0.98 30 0.31 0.08 0.91

26 0.01 0.24 0.94

28 0.70 0.20 0.89

31 0.26 0.20 0.97

33 -0.11 0.16 0.97

Average 0.005 0.14 20.18 0.19

SE 0.07 0.02 0.18 0.08

80 Exp Brain Res (2010) 207:75–84

123



typically delivered to ‘‘in vitro’’ preparations. When con-

verted into corresponding vapor-phase concentrations

(Abraham et al. 2007a; Cometto-Muñiz and Abraham

2010), as delivered in behavioral studies, the same EC50s

fall in the nM range. Although we recognize that EC50s and

ODTs, both obtained from concentration detection func-

tions, underlie different concepts and are not directly

comparable, we note that ODTs for the acids are still at

least 1–2 orders of magnitude lower than vapor-converted

EC50s. The gap has also been observed for other series

(Cometto-Muñiz and Abraham 2008, 2009b, 2010). Only

when odorants are able to be tested against the entire range

of OR types from one or another species, will we have the

means to attempt to project the information obtained from

high-throughput screening of ORs into its implications for

behavioral chemosensory detection. Until then, measure-

ment and prediction of the overall olfactory potency of

airborne chemicals, including structure–activity relation-

ships, needs to rely on a tight psychophysical approach.

As argued and shown recently, e.g. by Cain et al. (2007)

and Miyazawa et al. (2009a), the accurate control, quan-

tification, and delivery of chemical vapors produce a sig-

nificant reduction of ‘‘noise’’ in both the psychophysical

and the analytical data. In turn, this translates into ODTs at

the very bottom of the extraordinarily wide range of values

reported in the literature, e.g., Devos et al. (1990), van

Gemert (2003). Is this also true for the ODTs obtained here

for the acids? Figure 6 illustrates that, indeed, it is. Fur-

thermore, Fig. 6 (right) compares the present thresholds

with those obtained by Nagata (2003) and, more recently,

by Wise and colleagues (2007). In particular, the second

team of authors also measured ODTs via psychometric

functions by using precise air dilution olfactometry and

chemico-analytical quantification of vapors (Miyazawa

et al. 2009b, c), as done in the present study. The com-

parison shows very good agreement between the three

sources, all of them producing thresholds at the lower end

of the range of values from the compilations (Fig. 6). In

addition, the ODT minimum at the level of butyric acid

within the acid series appears in the three data sources

(Fig. 6, right).

Interindividual comparison in olfactory sensitivity

The bulk of the olfactory literature reports that the range in

odor detection thresholds for a given odorant across
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Fig. 3 Individual plots of odor detection thresholds as a function of

carbon chain length for the 14 subjects tested with butyric acid, which

have also been tested with one or more of the other acids. All

participants showed an odor detection threshold minimum for butyric

acid
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variable carbon chain length for the acids and five other homologous

series (Cometto-Muñiz and Abraham 2008, 2009a, b, 2010; Cometto-
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individual subjects amounts to a wide 3–5 orders of mag-

nitude (Jones 1957; Brown et al. 1968; Punter 1983;

Yoshida 1984; Stevens et al. 1988). Other investigations

have found a much lower range, around 1–2 orders of

magnitude (Rabin and Cain 1986; Walker et al. 2003). In

recent studies, using the same apparatus and procedure

described here, we have measured interindividual sensi-

tivity as the ratio of ODTs between the least and the most

sensitive subject among a group of untrained but young,

healthy, normosmic, and nonsmoker participants

(16 B n B 22). For the almost two-dozen odorants tested,

the ratio ranged between 1 and 2 orders of magnitude

(Cometto-Muñiz and Abraham 2008, 2009a, b, 2010;

Cometto-Muñiz et al. 2008). For the present acids, the ratio

equaled 636 for formic, 25 for acetic, 5.2 for butyric, 17 for

hexanoic and 667 for octanoic. With all ratios below three

orders of magnitude, they still lean toward the low end of

the wide spectrum of intersubject sensitivity generally

reported. The larger ratios observed for formic and octa-

noic acids, compared to our other recent data, were due to

just one, and the same, very sensitive subject (S29).

Unfortunately, S29 was not available for additional testing.

Excluding this consistently most sensitive individual, the

ratios reduce to 49 for formic and 4.3 for octanoic acid. To

rule out the possibility that some peculiar testing conditions

could have played a role in the high sensitivity observed for

this participant, we re-checked the data and found that (1)

all other subjects tested simultaneously with S29 on each of

the two acids did not produce unusually low thresholds (see

Table 3 and Supplementary Figures S1 and S5), and (2)

measured stimulus concentrations from the sessions where

S29 participated agreed with those from other sessions for

the respective odorant. These are strong indications that

subject S29 had indeed a considerably higher sensitivity

than the other subjects to the two homologs with which this

individual was tested. Interestingly, we point out that

hyperosmia to another carboxylic acid homolog, isovaleric

acid, has been previously described, and shown to have, at

least in part, a genetic component (Menashe et al. 2007).

Supplementary Figure S6 compares the psychometric

functions for the most (including S29) and the least sen-

sitive subject for each acid, and includes their respective

confidence ratings at each concentration.

Quantitative structure–activity relationships (QSARs)

for the odor detection of volatile organic compounds

(VOCs)

Use of carbon chain length within homologous series and

of chemical functional group across such series has proven

to be useful tools to gain a broad understanding of the

general processes that govern the olfactory detection of

vapors (Hau and Connell 1998; Abraham et al. 2002).

Studies showed that ‘‘selective’’ processes account for

some 77% of the observed odor thresholds, whereas the

remainder is due to ‘‘specific’’ processes (Abraham et al.

2002, 2007b, 2010). In contrast, for trigeminal chemes-

thetic detection, i.e., chemosensory irritation, selective

processes account for up to 95% of observed irritation

thresholds (Abraham et al. 1998, 2003). Selective pro-

cesses rest mainly on the simple transfer of the odorant

from the air (gas phase) to the receptor phase (condensed

biophase), such that small changes in odorant structure

evoke small and predictable changes in odor potency.

Specific processes rest mainly on particular odorant/

(olfactory) receptor(s) interactions, such that small changes

in odorant structure can have large (and, often, difficult to

predict) changes in odor potency. The QSAR model
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Fig. 6 Left Showing the wide spread of odor detection thresholds

reported for each carboxylic acid, as listed in the compilations by van

Gemert (2003) (squares) and by Devos et al. (1990) (circles). Right
Showing the similarity of odor detection thresholds for each

carboxylic acid among three recent sources: the present study

(crosses), Nagata (2003) (triangles), and Wise et al. (2007)

(diamonds). Also note that the odor detection thresholds from these

three studies appear at the low end of the range of values for each acid

listed in the compilations (and shown on the left)
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applied in these studies is based on a general solvation

equation (Abraham et al. 2001), and one of its critical

features is to provide a mechanistic interpretation of the

olfactory detection of VOCs (Abraham et al. 2007b), as

explained next. The model will closely predict the olfac-

tory potency (i.e., ODT) of odorants acting principally by

selective effects. In contrast, odorants acting principally by

specific effects will show up as outliers to the model,

typically in the direction of being more potent than expected

(i.e., having lower ODTs than predicted). Even the outliers

can provide useful information since they help to identify

and define the possible chemical bases for their particular

olfactory specificity, responsible for their higher-than-

expected odor potency (Abraham et al. 2007b). Furthermore,

the solvation model had predicted that, across homologous

series, in addition to the important role played by transfer of

the odorant, there should be a significant role for molecular

size (in particular, length), such that, beyond a certain

maximum size, odor potency will start to decrease (Abra-

ham et al. 2002). The present results support such prediction.

In recent studies, we have collected odor detectability

data for a range of VOCs, emphasizing the following: (1)

Usage of a uniform and effective psychophysical method-

ology to facilitate across-study comparisons. (2) Precise

generation, efficient delivery, and accurate chemico-ana-

lytical quantification of odorants. (3) Measurement of

psychometric functions, not just thresholds, and applying a

model (sigmoid logistic regression) that provides a tight fit

to the experimental results. (4) Gathering intensive group

(14 B n B 22) as well as individual subject olfactory

functions. Ultimately, we plan to revisit the above-dis-

cussed QSAR model for odor detection potency (Abraham

et al. 2002) but using the improved database just described.

To do so, we first need to expand testing to an ample

number and variety of odorants.
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